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Supersonic parachute needsSupersonic parachute needs

weapons systemsweapons systems
REV recoveryREV recovery
space vehicle recoveryspace vehicle recovery
space vehicle descent space vehicle descent 
systemssystems

Access to high altitude Access to high altitude 
landing sites on Marslanding sites on Mars
Delivery of large Delivery of large 
payloads to Marspayloads to Mars

Mach 3 performance Mach 3 performance 
neededneeded
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RequirementsRequirements

high drag to weight ratiohigh drag to weight ratio

predictable drag and inflation performancepredictable drag and inflation performance

act to stabilise not destabilise the parachuteact to stabilise not destabilise the parachute--payload systempayload system

withstand high dynamic pressure loading or for some planetary withstand high dynamic pressure loading or for some planetary 
entry scenarios function at low dynamic pressureentry scenarios function at low dynamic pressure

high high aeroelasticaeroelastic loading (ribbon flutter and pulsation)loading (ribbon flutter and pulsation)

aerokinetic heatingaerokinetic heating

also perform at subsonic speedsalso perform at subsonic speeds
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Supersonic parachute Supersonic parachute behaviorbehavior

Current knowledgeCurrent knowledge
Understanding poorUnderstanding poor
Few data existFew data exist
Testing has been ad hocTesting has been ad hoc
Data fail to separate specific effectsData fail to separate specific effects
Data incompleteData incomplete

Parachute Parachute behaviorbehavior adversely affected by supersonic adversely affected by supersonic 
flowflow

Drag loss at low supersonic speedsDrag loss at low supersonic speeds
Drag loss for some types (DGB) in transonic regimeDrag loss for some types (DGB) in transonic regime
Reduction of flying diameter Reduction of flying diameter 
Pulsation of canopy mouth Pulsation of canopy mouth 



Ribbon parachute drag coefficientRibbon parachute drag coefficient



Huygens DGB pilot chute ogive wakeHuygens DGB pilot chute ogive wake
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Supersonic parachute Supersonic parachute behaviorbehavior

Huygens Aerodynamic Database - nominal Re = 50000

0.000

0.100

0.200

0.300

0.400

0.500

0.600

0.700

0.00 0.50 1.00 1.50 2.00 2.50
Mach No

C
d



VorticityVorticity ©J.S. Lingard 2005

Supersonic parachute Supersonic parachute behaviorbehavior

Tests suggest that the performance of a parachute in Tests suggest that the performance of a parachute in 
transonic and supersonic flow is strongly influenced transonic and supersonic flow is strongly influenced 
by:by:

canopy porositycanopy porosity
the size of the forebody (for axisymmetric bodies the size of the forebody (for axisymmetric bodies 
forebody diameter Dforebody diameter DBB) compared to the diameter of ) compared to the diameter of 
the parachute D0 represented by the ratio Dthe parachute D0 represented by the ratio DBB / D/ D00

the distance between the base of the forebody and the the distance between the base of the forebody and the 
parachute skirt (parachute skirt (xxTT) represented by the ratio ) represented by the ratio xxTT / D/ DBB;;
the shape of the forebody (streamlined or bluff);the shape of the forebody (streamlined or bluff);
line length;line length;
detail canopy design;detail canopy design;
Mach numberMach number
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Supersonic FlowSupersonic Flow

CompressibilityCompressibility
High energyHigh energy

energy transformationsenergy transformations

Shock wavesShock waves
aa = = ((γγRTRT))0.50.5

M = v / aM = v / a



Property changes across attached and detached shock Property changes across attached and detached shock 
waveswaves
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Flow around a hollow hemisphere Mach 2.0 Flow around a hollow hemisphere Mach 2.0 



Drag of bluff body Drag of bluff body 
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HemisfloHemisflo -- M 1.9 M 1.9 
Shock waves
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Separated flowSeparated flow

M=2.0

Shock Wave

Shock Waves

Towing Cable

Spiked bodiesSpiked bodies
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Flow around a hollow hemisphere and a DGB in Flow around a hollow hemisphere and a DGB in 
the wake of a streamlined forebody M 2.0the wake of a streamlined forebody M 2.0

 
cup

DGB
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Parachute surface pressuresParachute surface pressures
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Supersonic parachute Supersonic parachute behaviorbehavior
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Flow around a diskFlow around a disk--gapgap--band parachute at band parachute at 
Mach 1.5, trailing distance 3.1 DMach 1.5, trailing distance 3.1 DPP

Recent use of FSI starts Recent use of FSI starts 
to reveal complex flow to reveal complex flow 
physics around physics around 
parachutes in parachutes in 
supersonic flowsupersonic flow
ALE code ALE code 
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Flow around a diskFlow around a disk--gapgap--band parachute at band parachute at 
Mach 1.5, trailing distance 3.1 DMach 1.5, trailing distance 3.1 DPP
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Flow around a diskFlow around a disk--gapgap--band parachute at band parachute at 
Mach 1.5, trailing distance 3.1 DMach 1.5, trailing distance 3.1 DPP
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Flow around a diskFlow around a disk--gapgap--band parachute at band parachute at 
Mach 1.5, trailing distance 3.1 DMach 1.5, trailing distance 3.1 DPP

   
Figure 6b.  t = 0.245 s

   
Figure 6a.  t = 0.205 s

high pressure area in 
canopy 

strong curved shock 
ahead of canopy 

probe wake flows into 
the canopy

shock ahead of the 
canopy more conical 

reverse flow from the 
high pressure area 
within canopy up the 
probe wake
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Flow around a diskFlow around a disk--gapgap--band parachute at band parachute at 
Mach 1.5, trailing distance 3.1 DMach 1.5, trailing distance 3.1 DPP

   
Figure 6c.  t = 0.285 s

   
Figure 6d.  t = 0.325 s 

shock very conical just 
behind the base region 
of the probe

large volume of 
reverse flow moving 
towards the base of the 
probe

reverse flow grown 
further and reached 
base of the probe

shock ahead of the 
probe is modified and 
trailing shock is 
disrupted

pressure in the canopy 
is reduced
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Flow around a diskFlow around a disk--gapgap--band parachute at band parachute at 
Mach 1.5, trailing distance 3.1 DMach 1.5, trailing distance 3.1 DPP

   
Figure 6e.  t = 0.365 s

   
Figure 6f.  t = 0.405 s

reverse flow unstable

probe base flow 
completely disrupted -
region of high pressure 
behind probe

parachute immersed 
low energy, subsonic 
flow 

pressure inside the 
canopy is now low

pressure in canopy 
very low 

canopy starts to 
collapse

flow ahead of the 
canopy confused and 
subsonic
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Flow around a diskFlow around a disk--gapgap--band parachute at band parachute at 
Mach 1.5, trailing distance 3.1 DMach 1.5, trailing distance 3.1 DPP

   
Figure 6g.  t = 0.445 s

   
Figure 6h.  t = 0.485 s 

flow around the probe 
reestablishing

low energy flow ahead 
of the canopy moves 
off downstream

flow around the probe 
reestablished

pressure increases in 
canopy 

canopy reinflates
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Flow around a diskFlow around a disk--gapgap--band parachute at band parachute at 
Mach 1.5, trailing distance 3.1 DMach 1.5, trailing distance 3.1 DPP

   
Figure 6i.  t = 0.525 s

   
Figure 6j.  t = 0.565 s

clear shock pattern 
around the probe 

strong curved shock 
ahead of the canopy

high pressure region 
within the canopy

shock ahead of the 
canopy more conical 

reverse flow from the 
high pressure area 
within canopy up the 
probe wake
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Flow around a diskFlow around a disk--gapgap--band parachute at band parachute at 
Mach 1.5, trailing distance 3.1 DMach 1.5, trailing distance 3.1 DPP

   
Figure 6k.  t = 0.595 s 

conical shock moves 
towards probe

reverse flow 
established in wake 

cycle repeating
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Flow around a diskFlow around a disk--gapgap--band parachute at band parachute at 
Mach 1.5, trailing distance 4.8 DMach 1.5, trailing distance 4.8 DPP
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Flow around a diskFlow around a disk--gapgap--band parachute at band parachute at 
Mach 1.5, trailing distance 4.8 DMach 1.5, trailing distance 4.8 DPP
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Flow around a diskFlow around a disk--gapgap--band parachute at band parachute at 
Mach 1.5, trailing distance 4.8 DMach 1.5, trailing distance 4.8 DPP
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Flow around a diskFlow around a disk--gapgap--band parachute at band parachute at 
Mach 1.5, trailing distance 4.8 DMach 1.5, trailing distance 4.8 DPP
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Flow around a diskFlow around a disk--gapgap--band parachute at band parachute at 
Mach 1.5, trailing distance 4.8 DMach 1.5, trailing distance 4.8 DPP
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Flow around a diskFlow around a disk--gapgap--band parachute at band parachute at 
Mach 1.5, trailing distance 4.8 DMach 1.5, trailing distance 4.8 DPP
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Flow around a diskFlow around a disk--gapgap--band parachute at band parachute at 
Mach 1.5, trailing distance 4.8 DMach 1.5, trailing distance 4.8 DPP
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Flow around a diskFlow around a disk--gapgap--band parachute at band parachute at 
Mach 1.5, trailing distance 4.8 DMach 1.5, trailing distance 4.8 DPP



VorticityVorticity ©J.S. Lingard 2005

Flow around a diskFlow around a disk--gapgap--band parachute at band parachute at 
Mach 1.5, trailing distance 4.8 DMach 1.5, trailing distance 4.8 DPP
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Supersonic flow around parachutesSupersonic flow around parachutes

Dominated by interaction with viscous wakeDominated by interaction with viscous wake
At low supersonic Mach number conical shock At low supersonic Mach number conical shock 
forms and reduces dragforms and reduces drag
At higher Mach number forebody base flow is At higher Mach number forebody base flow is 
disrupted cyclically and parachute pulsation disrupted cyclically and parachute pulsation 
commences with large drag losscommences with large drag loss
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Wake modificationWake modification

Accepted wisdom: Accepted wisdom: xxTT>10>10DDBB

Moseev’sMoseev’s criterion: criterion: xxTT>1.5>1.5DDB B + 2.5D+ 2.5DPP

Current work would suggest be 4Current work would suggest be 4--5 parachute diameters behind 5 parachute diameters behind 
the payload!the payload!

Galileo was 5 DGalileo was 5 DPP

Huygens is 4.9 DHuygens is 4.9 DPP

Viking wasViking was 2.7 D2.7 DPP
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modified pressure distribution acting on a flexible canopy causemodified pressure distribution acting on a flexible canopy causes s 
mouth area to varymouth area to vary
for flat circular or conical ribbon designs if the canopy flyingfor flat circular or conical ribbon designs if the canopy flying
diameter reduces then there is excess material at the canopy diameter reduces then there is excess material at the canopy 
skirtskirt
excess material may be subject to flutterexcess material may be subject to flutter
may either be lifted out from the axis of the canopy or pushed may either be lifted out from the axis of the canopy or pushed 
inwards depending on incidenceinwards depending on incidence
oscillations are set up under certain conditions causing oscillations are set up under certain conditions causing 
variations in mouth diametervariations in mouth diameter
these should not be confused with the pulsationthese should not be confused with the pulsation

Ribbon flutterRibbon flutter



Flat ribbon parachuteFlat ribbon parachute



Conical Ribbon ParachuteConical Ribbon Parachute



EquifloEquiflo ParachuteParachute

Elimination of ribbon Elimination of ribbon 
flutterflutter
2 D2 D00 lineslines
improved area ratioimproved area ratio
improved shapeimproved shape



HemisfloHemisflo ParachuteParachute

More refined shapeMore refined shape
effective to Mach 3effective to Mach 3



HyperfloHyperflo parachuteparachute

Demonstrated at M 4.35 Demonstrated at M 4.35 
and Mach 6.0and Mach 6.0
refined to refined to parasonicparasonic
hyperflohyperflo and tested at M and tested at M 
5.65.6



SupersonicSupersonic--X parachuteX parachute

Tested from M1.75 to Tested from M1.75 to 
Mach 8.0Mach 8.0



BalluteBallute

Internal or ramInternal or ram--air air 
inflationinflation
80° forward cone80° forward cone
ellipsoidal rearellipsoidal rear
burble fenceburble fence
tested to M 10.0tested to M 10.0



DiskDisk--GapGap--BandBand

tested to M 2.72tested to M 2.72
low qlow q
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Hermes testingHermes testing

Obtain comparative data for generic Obtain comparative data for generic 
supersonic decelerators:supersonic decelerators:

CdCd
stabilitystability

With known and documentedWith known and documented
forebody geometryforebody geometry
mounting configuration / tunnel dimensionsmounting configuration / tunnel dimensions
wakewake
trailing distancetrailing distance
parachute detail designsparachute detail designs
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Hermes TestingHermes Testing

Test decelerators:Test decelerators:
supersonicsupersonic--XX
conical ribbonconical ribbon
equifloequiflo
hyperflohyperflo
balluteballute

Critical dimensionsCritical dimensions
DDpp = 110 mm= 110 mm
LLll = 330 mm= 330 mm
DDPP / D/ DBB = 2.44= 2.44
xxtt / / DDBB = 8.4= 8.4
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Huygens testingHuygens testing

AEDC 16T tunnelAEDC 16T tunnel
3/16 scale models3/16 scale models
aeroshell and ogive aeroshell and ogive forebodiesforebodies
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Ribbon parachute drag coefficientRibbon parachute drag coefficient



Drag coefficient versus Mach numberDrag coefficient versus Mach number
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Drag coefficient Drag coefficient vsvs MM
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Drag coefficient Drag coefficient vsvs MM



Huygens DGB main ogive wakeHuygens DGB main ogive wake
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Huygens DGB main Huygens DGB main -- probe wake probe wake 
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Galileo testing Galileo testing –– transonic drag losstransonic drag loss



Viking testing Viking testing –– transonic drag losstransonic drag loss
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Drag summaryDrag summary

Conical ribbon Conical ribbon -- effective to M2.0effective to M2.0
HemisfloHemisflo -- effective to M3.0effective to M3.0
HyperfloHyperflo -- < M 4.0< M 4.0
BalluteBallute -- good at all Mach numbers but low good at all Mach numbers but low 
drag coefficientdrag coefficient
SupersonicSupersonic--XX
DGB DGB -- good for low q up to M2.0good for low q up to M2.0



Stability Stability vsvs MM



Stability Stability vsvs MM
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Supersonic InflationSupersonic Inflation

subsonic flow: subsonic flow: KK = = vvss ttii / / DD00

supersonic flow: supersonic flow: 
KK((ρρCC / / ρρ00) = ) = vvss ttii / / DD00 -- GreeneGreene
KK((uu11 / / uu22) = ) = vvss ttii / / DD00

thesethese are virtually equivalent since for continuity  are virtually equivalent since for continuity  
uu1 1 ρρ11 =  =  uu2 2 ρρ22 across a shock waveacross a shock wave
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Supersonic InflationSupersonic Inflation

Use a code that explicitly includes added Use a code that explicitly includes added 
massmass
Experimentally derived dimensionless Experimentally derived dimensionless 
diameter evolutiondiameter evolution
Use CUse Cd0d0 before wake interaction effects before wake interaction effects 
become apparent (subsonic) become apparent (subsonic) 
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Aerodynamic HeatingAerodynamic Heating

stagnation temperaturestagnation temperature
TTSS = = TT00 [[11 + + rr{ ( { ( γγ -- 11 ) / ) / 22} } MM22 ]]

convectionconvection
Q = hQ = h ( ( TTSS -- TTWW ) ) 

radiationradiation
QQ = = -- εε σσ TTWW

44
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Aerodynamic heatingAerodynamic heating
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Aerodynamic HeatingAerodynamic Heating

high temperature materialshigh temperature materials
NomexNomex
KevlarKevlar
steel wiresteel wire
CeramicsCeramics
PBO PBO 
M5 M5 

protective coatingsprotective coatings
internal coolinginternal cooling
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Design guide 1Design guide 1

choose a parachute design that will be effective over choose a parachute design that will be effective over 
the complete range of Mach numbersthe complete range of Mach numbers
for low supersonic velocities (up to Mach 2) a conical for low supersonic velocities (up to Mach 2) a conical 
ribbon parachute is usually the best optionribbon parachute is usually the best option
for operation at low dynamic pressure at up to Mach for operation at low dynamic pressure at up to Mach 
2 + a disk2 + a disk--gapgap--band should be consideredband should be considered
for velocities up to Mach 3 select a for velocities up to Mach 3 select a hemisflohemisflo
above Mach 3 a above Mach 3 a hyperflohyperflo or supersonicor supersonic--X may be X may be 
applicableapplicable
above Mach 4 it is generally better to use a above Mach 4 it is generally better to use a balluteballute
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Design guide 2Design guide 2

sometimes a multisometimes a multi--stage design is worth stage design is worth 
consideration using a specialist high Mach number consideration using a specialist high Mach number 
device (such as the device (such as the balluteballute ) as the first stage with a ) as the first stage with a 
parachute which has better low supersonic and subparachute which has better low supersonic and sub--
sonic performance (for example a conical ribbon sonic performance (for example a conical ribbon 
parachute) as the second stageparachute) as the second stage
parachutes with shaped gores perform significantly parachutes with shaped gores perform significantly 
better than conical or flat ribbon parachutes in better than conical or flat ribbon parachutes in 
supersonic flow supersonic flow 

ribbon flutter is much reducedribbon flutter is much reduced
the onset of pulsation is delayedthe onset of pulsation is delayed

ensure trailing distance is large 5 ensure trailing distance is large 5 DpDp is proposedis proposed
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Design guide 3Design guide 3

longer suspension lines (at least longer suspension lines (at least 2D2D00) improve the ) improve the 
performance of all parachute designs at supersonic performance of all parachute designs at supersonic 
speedsspeeds

drag performance with increasing Mach number is improveddrag performance with increasing Mach number is improved
inflation stability is markedly betterinflation stability is markedly better
ribbon flutter is substantially reducedribbon flutter is substantially reduced
the onset of pulsation delayedthe onset of pulsation delayed

structural loads imposed during operation in structural loads imposed during operation in 
supersonic flow are greater than those seen at supersonic flow are greater than those seen at 
equivalent dynamic pressures in subsonic flowequivalent dynamic pressures in subsonic flow

ribbon flutter and canopy shape changesribbon flutter and canopy shape changes
increased design margins are neededincreased design margins are needed
careful detailed design, particularly in the skirt region, is careful detailed design, particularly in the skirt region, is 
importantimportant
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Design guide 4 Design guide 4 

if aerodynamic heating is important use high temperature if aerodynamic heating is important use high temperature 
capable materials throughout the design and additionally capable materials throughout the design and additionally 
consider coatingsconsider coatings
total heat pulse is important not the stagnation temperaturetotal heat pulse is important not the stagnation temperature
deployment system deployment system -- orderly deployment even more important orderly deployment even more important 
at supersonic speeds than at subsonic velocitiesat supersonic speeds than at subsonic velocities

WHILST ALL ASPECTS OF SUPERSONIC AERODYNAMICS NOT WHILST ALL ASPECTS OF SUPERSONIC AERODYNAMICS NOT 
PERFECTLY UNDERSTOODPERFECTLY UNDERSTOOD
WE CAN DESIGN SUCCESSFUL SYSTEMSWE CAN DESIGN SUCCESSFUL SYSTEMS
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ANY QUESTIONS??ANY QUESTIONS??


